Abstract. Since 2008, Pseudomonas syringae pv. actinidiae, the causal agent of bacterial canker of kiwifruit has become the main pathogen of yellow and green fleshed kiwifruit. All major kiwifruit producing countries in the world have been affected by this bacterial pathogen, leading to substantial economic losses. This review presents the current knowledge on various aspects about the origin, epidemiology, detection and control strategies of Pseudomonas syringae pv. actinidiae.
Introduction
Pseudomonas syringae pv. actinidiae (Psa), the causal agent of bacterial canker of kiwifruit, has become in less than five years the main threat for yellow and green fleshed kiwifruit production (A. chinensis and A. deliciosa, respectively). Before 2008, Psa had been reported in Japan [1] , China [2] , Korea [3] and Italy [4] , and in all cases, the pathogen was isolated from Actinidia deliciosa cv. Hayward.
The first epidemic outbreaks occurred in 2008 in central Italy (Lazio) [5] , and they were followed by a spread to North Italy (i.e. Emilia Romagna and Piemonte, [6, 7] ). In 2010, the disease was recorded in France 2010 [8] and Portugal [9] , and in 2011, it reached Spain [10] and Turkey [11] .
An independent outbreak occurred in New Zealand in 2010 [12] and Chile in 2011 [13] . Currently, the bacterial canker has spread to a pandemic scale [14] and it is the major cause of severe economic losses in all countries, such as Italy and New Zealand, where kiwifruit is a strategic crop [15] .
In Italy, between 2010 and 2012, vast areas (>2000 hectares) of kiwifruit vineyards were either cut back or destroyed due to Psa. The economic impact for farmers is estimated to be D 20000/hectare/year in production losses, D 50000/hectare for orchard investment and D 15,000/hectare to destroy plants to stop the spread of infection, reducing production in orchards by 10-50% [16] . In France, Psa has been found in approx. 10% of the 4700 hectares of kiwifruit, and in some regions, 50% of plants have been confirmed to be infected [17] .
In New Zealand, Psa symptoms were initially noticed on A. chinensis cv. Hort16A in the Bay of Plenty region during October 2010. Very soon after, the disease also spread to the more resistant species A. deliciosa cv. Hayward [12, 14] . In less than 3 years after its discovery, in New Zealand, Psa has been identified in more than 1400 orchards, representing the 52% of the surface cultivated with kiwifruit [18] . The most recent Kiwifruit Vine Health Psa Statistics report (March 2014) [19] stated that 11084 hectares have been confirmed as infected by Psa, representing 81% of total of core genome SNPs and the ICEs, combined with disease history, led to hypothesize that the Italian and the New Zealand outbreaks independently originated in China. The Chilean strains also have a Chinese origin [23] .
A Psa-LV (Low-Virulence) lineage was also reported, which is widespread within New Zealand and Australia [14, 32] . There is no evidence supporting that strains of this group were responsible for significant economic losses. In addition, the symptomatology in Psa-LV infected plants does not progress beyond leaf spots [14] .
In summary, the population of P. syringae pv. actinidiae isolated during the recent epidemics of bacterial canker in Europe (Italy 2008-2011, France, Portugal and Spain) shows an excellent correlation between the genetic profile based on rep-PCR (BOX-PCR, ERIC-PCR), MLST, the citrate synthase (cts) haplotypes and biochemical characteristics in various media, suggesting that these epidemics have been caused by strains of the same group [27, [33] [34] [35] , which was also detected in New Zealand [35] . According to Marcelletti et al. 2011 [28] , this population did not evolve from the population that caused the epidemics in 1984-1992 in Japan, but it is rather the product of a recent independent evolution of the pathovar.
Molecular factors relevant to disease development
The main symptoms of the bacterial canker of kiwifruit are the dark angular necrotic leaf spots, mostly on young leaves [36] . In early spring, a reddish-brown discoloration under the bark, or the production of red-rusty exudate may be observed. Other symptoms are flower necrosis and blight, twig wilting and dieback, reddening of the lenticels, and fruit collapse, due to blockage of vessels in the canes. Typical symptom appearance is shown in Fig. 1 . twig dieback, C: flower necrosis, D: lack of bud break, E: red and white exudates from a cane, F: reddening of the lenticels, G: bacterial canker with exudation, H: reddish-brown discoloration under the bark below a canker on the trunk and rootstock.
The host colonization by Psa does not evolve immediately in disease development. It is generally presumed that, during the early colonization stages, the plant is able to maintain the endophytic bacterial population under a threshold by activating basal defence mechanisms. The increased expression of proteins related to oxidative burst and stress (pathogenesis-related proteins, heat shock proteins) was recorded from infected, asymptomatic leaves of A. deliciosa [37] .
The trigger of the full bacterial pathogenicity, characterized by symptom development, has not been elucidated yet. Several mechanisms were proposed, including ethylene biosynthesis to silence salicylic acid-mediated plant defences [38] and the inhibition of HSP70-mediated plant responses by the bacterial protein HopI1 [39] , suggesting that Psa may synergically attack multiple frontlines of plant defence. While searching for genes responsible for Psa population dynamics, it was demonstrated that Psa does not possess a classic quorum sensing apparatus, but its genome includes three genes belonging to that pathway (called LUX Solos). Such factors may act as receptors, enabling Psa to interact with its host and other organisms, "feeling" signal molecules secreted in the outer space [40] , as demonstrated by the reduced growth of LUX-defective Psa mutants in planta. Similar conclusions were drawn after the proteomic analysis of Actinidia apoplast during the asymptomatic [37] and endophytic [39] phases of Psa colonization, which highlighted several bacterial proteins (BamA, OmpA, OmpF) putatively involved in membrane communication.
In addition, the expression of hypersensitivity-related (HRP) and patatin-like proteins (PLP) was affected by Psa infection [39] . While the former were induced by the pathogen, suggesting a role in the formation of necrotic spots, PLPs regulate the execution of cell death and are down-represented in infected shoots.
A metabolomic analysis [41] provided evidence of extracellular polysaccharides production by Psa, which may be related to symptoms such as wilting and oozing. Furthermore, a chlorotic halo is associated with necrotic spots caused by strains expressing phytotoxins, such as phaselotoxin [42] or coronatine [43] .
The infection process and disease transmission
Confocal laser scanning microscopy (CLSM) coupled with the use of bacteria labelled with a fluorescent protein (GFP) allowed to observe, in vivo, the infection process. This approach demonstrated that Psa can infect the plant from stomata, flowers, leaf and fruit abscission scars, broken trichomes and natural wounds [44, 45] .
On female flowers, the bacterium was observed on stigmas, ovarium and calyx. In addition, the pathogen can systemically invade the plant after the infection of female flowers. Regarding male flowers, it has been shown that Psa can easily survive on Actinidia spp. pollen grains [46] . Indeed, the infected pollen is a crucial vector of the pathogen [35, 47] . Moreover, the pathogen introduction in New Zealand seems to be related with the import of contaminated pollen from China [23] . A number of studies report the presence of Psa on pollen samples collected from infected and apparently healthy orchards, regardless from the methods used to collect the pollen (e.g. vacuum, manual extraction from flowers, artificial opening of flowers in the lab and anther collection) [47] [48] [49] .
Few papers examined the possible role of pollinators as vectors of Psa. Psa is able to survive for several days inside the beehive, although the study was conducted in a containment facility, which is an artificial environment rather different from natural orchard conditions [50] . Therefore, a stand-down period of more than nine days is advisable before moving hives from an infected zone into an uninfected area [51] . Honeybees and bumblebees collected from highly infected orchards have been demonstrated to be contaminated by Psa [47] . However, the biological importance of Psa dispersion from flower to flower via pollinators has not yet been fully demonstrated. Scortichini et al. (2012) [14] noted that bacterial exudates can disperse a large amount of inoculum within and among orchards. The presence of heavily colonised fallen leaves and pruned canes on the orchard floor at the beginning of winter raised questions about the role of the fallen leaves and cane pruning in the life cycle of Psa. Marcelletti et al. 2011 and Tyson et al. 2012 , [21, 52] showed that Psa can overwinter in leaf litter and pruning debris. Although many aspects of the epiphytic life of the pathogen have not yet been fully clarified, it has been suggested that Psa may survive and grow epiphytically on asymptomatic flowers and leaves [8, 49] .
Epiphytic or endophytic presence of the bacterium in fruits has been excluded by some studies [53] , although the bacterium can be detected in experimentally contaminated fruits. In contrast, others authors suggest that the bacterium can be found within the fruits, although at very low populations and only in fruits collected by highly infected orchards [48] . 
Disease cycle
A peculiarity of the bacterial canker of kiwifruit is the ease with which the bacterium spreads within and between orchards. Bacterial exudates, which ooze from the cankers during the end of autumn-winter and early spring and are dispersed by the wind, are very effective sources of inoculum [54, 55] .
During the spring, the pathogen can move systemically from the leaf to the young stem via the leaf petiole [56] . The systemic displacement of the bacterium within the young twig most probably occurs via the xylem vessels [44] , and this represents an uncommon route of plant colonization for a P. syringae pathovar.
In the summer, with temperatures increasing above 25 • C, the degree of infection is drastically reduced, even though the bacterium can colonize the host through the stomata and hydathodes [36, 44] .
During the autumn, the lenticels and buds are the main colonization sites for the pathogen [57] . In autumn or early winter, the bacterium may survive in a latent form in the cortex tissue of infected branches, and spread throughout the whole plant from late winter to early spring. In late winter/spring, the disease becomes manifest with cankers in trunks and leaders, which may cause the girdling of whole limbs and kill entire vines. Thus, the spread and severity of the disease in late winter to early spring depends primarily on the degree of infection in autumn to early winter.
According to Serizawa et al. (1989) [54] , the development of damages associated with Psa occurs in two phases. The first phase takes place in autumn/winter and it consists in damages to the main vine structure and in overwintering canes. The second phase, in spring, involves the new seasons' growth (leaves, flowers and canes). The pathogen infects the host through stomata (Fig. 2) , hydathodes, lenticels, trychomes, leaf scars or wounds, and can progress to the roots where it overwinters [7, 44] .
The cycle of disease of Psa, proposed in Fig. 3 , applies to Italy but is probably different in other growing areas, such as New Zealand, where deep frosts are rare, the rains are more regularly distributed throughout the year and, during the summer, the temperatures are lower than those generally recorded in the Mediterranean climate.
The influence of microclimatic conditions on the disease development
The microclimate in the orchard is critical in determining the local severity and diffusion of disease. Rainy and humid weather conditions and mild temperature favour the bacterial infection. Thus, the highest risk of bacterial canker is in areas and seasons in which the combination of such conditions is more frequent.
High relative humidity and rain reduces the latent period between infection and symptom development [55] . Furthermore, strong winds and heavy rainfall favour the disease, as recorded for many other bacterial plant diseases, since injuries to the plants and dispersal of the bacterial exudates to the wounds and/or natural openings are likely to occur [54] . Once the host plants are infected, the disease development is largely determined by temperature and plant physiological status.
Psa causes disease at relatively low temperatures, since its optimum growth temperature on new canes is 12-18 • C [58] , like P. syringae pv. syringae [59] . At temperatures above 20 • C and below 15 • C, the disease severity is reduced. Above 22 • C, the bacterial growth is abruptly inhibited by the development of wound-healing plant tissue surrounding the infected area, and only a few bacteria survive in diseased tissues during the summer [57] . Therefore, under the Italian conditions, infection of vegetative and fruiting canes occurs mainly in spring. Recurrence of disease on the branches after the winter can be prevented by the formation of wound tissue surrounding the infected parts. When the temperature drops from 22 to 20 • C, the formation of wound tissue gradually decreases, and below 15 • C, the processes of healing are very limited.
In contrast with many Pseudomonas syringae pathovars, Psa does not induce ice nucleation [1] , however winter frost and hail favour the occurrence of the disease. A recent study (2014) [15] showed that frost and freeze/thawing promote the migration of the pathogen within Actinidia twigs and between the orchards. Autumn frosts are more dangerous than winter frosts, because they also promote the oozing of exudates from the wounds, which, in some cases, are a secondary source of inoculum.
Damages from Psa are also increased when high populations of P. syringae pv. syringae or P. viridiflava, two other opportunistic bacterial pathogens attacking Actinidia spp., are present on the plants [7, 60] .
Control
The control of bacterial canker of kiwifruit may only rely on preventive methods, since there is no curative treatment known for Psa. Chemical defences may be preventively applied to help containing the spread of the disease, but they are not decisive, and must be accompanied by general measures to reduce inoculum through a good orchard hygiene, and an appropriate field management.
Bactericides/bacteriostatic compounds
Copper-based compounds have played an important role in the control of bacterial diseases on kiwifruit [61] . The efficacy in the reduction of epiphytic bacteria populations on kiwifruit leaves and canes has been shown to vary between the formulations of copper applied and the rate used [62] . Two regimes of copper treatments applied in the field for two seasons in Verona, Italy, provided effective control. The first consisted in two applications of copper sulphate in spring and two in autumn, and the second regime consisted in four applications of copper oxychloride in spring and two in autumn [63] . Additional copper sprays during leaf fall can be an effective way to reduce the risk of infection through leaf scars in the autumn [64] .
In Europe, copper-based compounds, such as copper sulphate, are the mainstay of chemical control [65, 66] , and are allowed for use by organic growers [67] . In Asian countries and New Zealand the use of streptomycin for control of plant pathogens is allowed [46, [68] [69] [70] . Streptomycin has also been used for trunk injection in Korea and appeared to effectively cure infected vines [68] .
Unfortunately, both copper compounds and stemptomycin show problems of phytotoxicity, bacterial resistance and residues on fruits. The genes for streptomycin resistance have been reported in Psa [69] . Strains of Psa resistant to copper have already been isolated in Japan [69, 71] . None of the strains isolated since 2008 in Italy showed any resistance or tolerance to copper [26] . The regulatory genes copR and copS are required for copper-induced expression of other Cop proteins to provide full copper resistance [72] . Work by Marcelletti et al. (2011) [21] found that copA and copB, but not the two genes copR and copS (required for maximal copper resistance), were present in strains belonging to the pandemic lineage.
Other factors, such as persistency, affect copper compounds. A recent study to determine copper rain fastness and longevity on dormant canes, fruit and leaves, showed that canopy density is the main factor determining successful spray coverage, since overly dense canopy zones (e.g. poorly pruned male vines) cannot receive effective spray coverage [73] .
A wide range of other protective compounds for the control of the epiphytic populations of Psa has been evaluated by industry and companies in New Zealand [74] . Some product as sterilizers showed some efficacy in glasshouse trials [75] . Two monoterpenes, geraniol and citronellol, have an inhibitory effect against Psa in vitro [26] . Both geraniol and citronellol had previously shown activity against another Gram-negative plant pathogen, Erwinia amylovora, the causal agent of fireblight of pomaceous plant species [76] . The use of terpene compounds such as geraniol in plant disease control and, more specifically, control of Psa, may be limited by phytotoxicity. No data concerning phytotoxicity of these compounds towards Actinidia species are available; however, geraniol has been reported to cause phytotoxicity towards tomato plants [77] .
Chitosan, obtained from shrimp shells, showed antimicrobial activity towards a broad spectrum of pathogens, including common plant pathogenic bacteria and fungi. In vitro trials confirmed such effect on Psa [26] . An advantage of chitosan over conventional chemical control methods is its exceptional biocompatibility and biodegradability [78] . In addition, chitosan is a well known stimulator of plant defences [22] .
However, while these compounds may reduce epiphytic inoculum loads, albeit temporarily, in most cases they are not effective once the pathogen has entered the plant tissue.
It was recently reported the efficacy of dodecapeptide amides (KYKLFKKILKFL-NH 2 ) and two analogs of a hexapeptide amide (WRWYCR-NH 2 ) with antibacterial activity against the Gram negative Psa and Erwinia amylovora [79] . According to in vitro studies, these dodecapeptides are supposed to act by targeting the bacterial membrane leading to its disgregation, but field trials are required to address their efficacy in orchard conditions.
Resistance inducers
Integration of plant-induced resistance into the control program for Psa could provide systemic protection of kiwifruit vines ahead of infection risk events. Based on greenhouse studies, Acibenzolar-S-methyl (ASM) has been shown to be one of the most effective plant elicitors to improve the tolerance of kiwifruit plants to Psa [74] . Work carried out in Italy and New Zealand showed that treatment with JA or ethylene did not reduce the incidence of the disease on young kiwifruit seedlings in the glasshouse, but that salicylic acid or derivatives, such as ASM, significantly decreased disease development [80, 81] . Phytohormone-mediated signalling pathways play a key role in orchestrating the plant response, with cross-talk between salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) pathways tailoring plant defence responses to different pathogens and pests [82, 83] . The SA and JA/ET defence pathways are often mutually antagonistic. Glasshouse studies indicate that kiwifruit resistance to Psa is mediated by the SA signalling pathway, moreover, histological evidence suggests that the pathogen is less able to colonize ASM-treated leaves than untreated leaves [44] . ASM belongs to the benzothiadiazole chemical group and operates as a functional analogue of salicylic acid. It has demonstrated good efficacy against bacterial diseases, including bacterial spot (Xanthomonas axonopodis pv. vesicatoria) and bacterial speck (P. syringae pv. tomato) in tomato [84] , fire blight (Erwinia amylovora) in apples [85] and pear [86] . Due to the risk of fruit residues, the foliar application of this compound is restricted.
Biological control
Biological control agents (BCAs) may also contribute to an integrated control of Psa, but knowledge about their efficacy and reliability under a range of environmental conditions is limited. Bacteriophages active against Psa are being isolated and developed for evaluation on kiwifruit [87] . Biological agents with complementary modes of action, such as elicitation of plant responses, competition against Psa or production Psa-specific antimicrobial compounds are sought. Experiments performed in glasshouse conditions suggested that strains of Bacillus subtilis, Pseudomonas fluorescens and Pantoea agglomerans can effectively prevent Psa infection [88] . Other trials provided evidence that the same biological control agents can reduce Psa-V leaf spotting, but only under a low disease pressure [89] . Although such results require further confirmation, the use of BCAs may represent a valuable option for an integrated control strategy.
Recently, a biocontrol strategy based on a cocktail of bacteriophages was introduced [90] . Four promising phages (a siphovirus, a podovirus, a large myovirus, and a virus related to the Myoviridae) were isolated, genetically described and functionally characterized. In particular, this phage cocktail proved to effectively reduce the growth of a number of different Psa strains.
Breeding for resistant varieties
The recent publication of the first drafted kiwifruit genome sequence [91] has given a great boost to molecular breeding in order to obtain new cultivars with an increased resistance to Psa. In fact, all the Actinidia species cultivated so far are susceptible to the pathogen [8] .
Different research institutes started breeding programs based on germplasm screening. The research focused on finding possible resistant parental plants in different Actinidia species such as A. deliciosa, A. chinensis and in the species belonging to the Leiocarpae section, including: A. macrosperma, A. valvata, A. polygama, A. melanandra and A. arguta var. purpurea [92] [93] [94] . A different breeding approach, based on induced mutations on Actinidia population and subsequent Psa resistance observation, was also attempted [95] .
The breeding for tolerance or resistance is a very important activity for a long lasting strategy to minimise Psa damages. The development of genetic tolerance to bacterial canker in the kiwifruit germplasm (i.e. A. deliciosa and A. chinensis), including the pollinisers, appears as a key factor in a scenario where the pathogen has become endemic in all areas of cultivation [96] .
After the screening of 9 new cultivars for tolerance to Psa, 6 of them were found more tolerant to the pathogen than 'Hayward', which was adopted as the reference [65] .
The New Zealand breeding programme has recently released 'Gold3', an A. chinensis cultivar with greater tolerance to bacterial canker, as a replacement for 'Hort16A'. This cultivar was originally selected to extend the marketing window for the yellow-fleshed kiwifruit varieties [97] . Advances in the genomic knowledge of the genus Actinidia will be valuable in future development of new cultivars [98] .
The selection of breeds obtained from resistant and commercially favourable cultivars will require several years, as all of the currently cultivated germplasm is quite susceptible to the disease.
Detection and diagnosis
The development of rapid and reliable diagnostic methods to screen the propagative material of kiwifruit circulating worldwide is a fundamental step to reduce the further risk of spread of the pathogen to Psa-free regions.
Traditionally, Psa detection has been based on the isolation of bacteria in pure culture followed by identification using rep-PCR [99] or sequencing of 16S rDNA [5] .
A PCR identification of bacterial cultures was reported by Koh and Nou (2002) [100] and by Rees-George et al. (2010) [101] . Both procedures appear to be satisfactory for a preliminary investigation, although sometimes aspecific bands and the amplification from P. s. pv. theae can be obtained with both techniques [102] . Recently, other PCRbased techniques were developed in order to overcome these limitations, such as duplex-PCR method [102] and a nested PCR/RFLP assay [103] . A quantitative method, based on real time PCR, was also set up [104] , which allows to quantify the Psa population inside symptomless plant organs. The current diagnostic methods are reported in Table 1 .
Influence of orchard management on the disease development
In a modern, holistic view on fruit quality, not only the nutraceutical value of fruits, but also fruit safety and hygienic aspects are crucial. In addition, fruit quality must be associated to economical convenience and environmental sustainability. To achieve these aims, a key step is the adoption of efficient agricultural practices, ensuring a high vineyard productivity, a high quality of fruits, a reduced risk of disease development, a promotion of biodiversity and a minimal impact on the environment. Indeed, the cultural management is an indispensable component of an efficient disease control strategies. Therefore, the role of pollination and the most important cultural management techniques, such as irrigation, fertilization, use of bio-regulators and pruning on the incidence and epidemiology of Psa were examined [105] . All of these cultural management practices, affecting the vine vegetative and reproductive performances, are exploited to force productivity, at the expense of other physiological processes. Therefore, the resulting imbalance can adversely affect the plant's ability to react to abiotic or biotic stress, making it even more susceptible to disease. The time of pruning and nitrogen nutrition (dose and form) are the most critical points in field management, influencing the infection process and promoting the spread of disease from infected to healthy plants [105] . Late pruning (i.e. during weeping time) and pruning during humid periods should be avoided. In addition, pruning cuts should be protected with persistent copper formulates. Regarding fertilization, higher N rates seem to increase plant susceptibility probably by increasing the sprout of young and succulent shoots [105] .
Conclusions
In the last years, enormous efforts were made to gain information on the interactions between Psa and the kiwifruit species in order to develop a reliable, sustainable and long lasting control strategy of this pandemic disease.
Several aspects related to the pathogen and the disease, such as detection and genomics, identification and characterisation of Psa pathovars, have been examined. A deeper understanding of the pathogen, host, environment and management interactions associated with Psa was obtained, aiming to the development of an effective strategy to eliminate or, at least, reduce the risks of Psa outbreaks worldwide.
Since the climatic conditions play a fundamental role in the progression and spread of the disease, and considering the different climatic conditions occurring in the different areas of kiwifruit production, a single, general strategy is not sufficient for the control of this pathogen. For these reasons, studies should keep investigating all the aspects of this disease for the development of strategies on the different kiwifruit species and growing areas.
An effective prediction model might help to improve the disease control strategies. A real climatic assessment for the determination of suitable areas seems necessary to continue the production of this valuable crop. Well-managed orchards, scheduled spray treatments, coupled with improved agronomical and preventive techniques, should be applied in all areas of cultivation to effectively reduce the spread of the pathogen.
Finally, a major effort started aimed to the breeding new cultivars, rootstocks and pollinisers tolerant to Psa. However, the achievement of this goal will require several years. The long time lapse can be substantially reduced if collaborative breeding program will be internationally organised.
In order to deliver effective support tools for the kiwifruit industry, the research should be structured around 3 time steps:
-Short term: identification and delivery of new chemical and biological control options for Psa. -Medium term: development of new orchard management strategies, to deliver tools, growing methods and production systems that are resistant and resilient to Psa (cultivation under plastic tunnel, decision support system, forecasting model). -Long term: breeding of new fruiting cultivars, rootstocks and pollinisers that are tolerant to Psa.
